In an attempt to improve the functionality of a prosthetic hand device, a new fingertip has been developed that incorporates sensors to measure temperature and grip force and to detect the onset of object slip from the hand. The sensors have been implemented using thick-film printing technology and exploit the piezoresistive characteristics of commercially available screen printing resistor pastes and the piezoelectric properties of proprietary lead-zirconate-titanate (PZT) formulated pastes. The force sensor exhibits a highly linear response to forces up to 50 N with a maximum hysteresis of less than 1.4% of full scale. When configured as a pseudo half-bridge measurement circuit, the force sensor demonstrates superior insensitivity to the position of the force on the fingertip than when configured as a classic half-bridge circuit. The force sensor response is also extremely stable with temperature, typically showing variation in the output response of less than ±0.04% over the temperature range −10 • C to +35 • C when loaded with forces up to 10.8 N. The ability of the piezoelectric PZT vibration sensor to detect small vibrations of the cantilever, indicative of object slip, has also been demonstrated. 9 10 11 12 13 14 15 16 17
Introduction

21
A problem with many prosthetic hands is the limited func-22 tionality that they offer. Generally a prosthetic hand is re-23 stricted in the number of degrees of freedom in the movement 24 of its digits permitting only a narrow range of grip postures. 25 Typically only the thumb and one finger (or a group of fin-26 gers acting together) can be actively moved. For example, one 27 of the most technologically advanced commercial prosthetic 28 hands, the Otto Bock SensorHand TM , is limited to movement result in damage to the grasped object, or at the very least, 38 to the establishment of an insecure grip with the possible 39 consequence of slip occurring. 40 To address these problems, new designs of prosthesis 41 are required with independent control in the movement 42 of all of the digits to assist in adaptive grasping. Sensors 43 should also be incorporated within each digit to help deter-44 mine their relative position when forming a particular grip 45 pattern and to record the levels of force exerted by each 46 digit. Localised intelligence in the form of a simple mi-47 crocontroller could be used to monitor and adjust the lev-48 els of force as necessary, permitting the dynamic adjust-49 ment of the grip pattern. All of this could be performed 50 independently of the user, thereby removing the burden of 51 responsibility. 52 This paper describes the design of a new force sensitive 53 fingertip that supports a number of thick-film force sensors 54 and a temperature sensor. Two different types of force sen-55 sor have been included: a static force sensor to measure and 56 monitor forces exerted by the fingers during a grip posture 57 and a dynamic force sensor, operating as a vibration sensor, 58 to detect the onset of slip. The fingertips act as simple megrip postures to be adopted. 88 As the hand closes around an object during operation the 89 fingertip cantilevers are bent against their supports creating a 90 change in the surface strain of the fingertip. Since the strain 91 produced is directly proportional to the magnitude of the force 92 bending the fingertip, the force may be determined with a 93 suitably positioned strain sensor. If an object is not held se-94 curely within the hand and begins to work itself free, the slip 95 sensors will detect any movement of the object in the form 96 of a vibration signal and initiate closure of the relevant fin-97 ger (or fingers) to tighten the grip. The magnitude of these 98 grip forces will be continuously monitored by the static force 99 sensors in each fingertip and their information used to decide 100 when the new grip is tight enough and to stop closing the 101 fingers. Similarly, if the measured temperature of an object 102 being gripped is determined to be potentially damaging to 103 the prosthesis, the hand is commanded to cease closing the 104 fingers around that object.
105
In use, the skeletal structure of the prosthetic hand shown 106 in Fig. 1 will eventually be entirely enclosed within a rub-107 berised glove to give the hand a more aesthetic look. It has been well documented that thick-film resistors ex-128 hibit proportional resistance changes with applied strain (the 129 piezoresistive effect) with a strain sensitivity higher than that 130 of conventional metal foil strain gauges [5] [6] [7] [8] . This, when 131 coupled with the ability to print the thick-film resistors to 132 any size and at any location upon the surface of the cantilever 133 make this technology an ideal candidate for strain sensing in 134 this application.
135
Conventionally, strain sensors are usually arranged in 136 Wheatstone bridge circuits with up to four individual sen-137 sor components located at the root of the cantilever and on 138 both sides, thereby exploiting strains of compression and ten-139 sion to maximise measurement sensitivity. However in this 140 application only the top surface of the cantilever is used (to 141 reduce costs and processing time) and therefore only tension-142 ing strains are measured as the fingertip is bent by a force.
143
This still allows the arrangement of the thick-film resistors 144 into a classic half-bridge circuit, although this would prove 145 to be unsuitable for this application. The reason for this is 146 that the strains experienced at the root of the beam are the 147 same when a force of arbitrary magnitude is located at the 148 tip of the beam and when a force of twice that magnitude is 149 Fig. 3 . Location of two strain sensing elements R 1 and R 2 upon the surface of a cantilever beam deflected by an amount y (a) when subjected to a force F at a distance a from the beam root. located half-way along the beam (assuming ideal beam be-150 haviour). Such an arrangement would therefore be unable to 151 distinguish between these two situations.
152
To overcome this problem, a position-independent force 153 sensor has been designed that uses two independent strain 154 sensor elements located upon the fingertip cantilever at dif-155 ferent distances along its length. When a force deflects the 156 cantilever each of these sensors experiences a different strain 157 level with resultant changes to their resistances. It can be 158 shown that the ratio of the normalised changes in resistance 159 of the two sensors indicate the position of the force on the 160 fingertip whilst the magnitude of the normalised change in 161 resistance gives a position-dependant measure of the force 162 level. Hence by measuring the normalised changes in resis-163 tance of both sensors, a position-independent value for the 164 force can be derived. The principle is illustrated with refer-165 ence to Fig. 3 and described below. 166 Fig. 3 shows two resistive strain sensors R 1 and R 2 located 167 upon the top surface of a cantilever beam of thickness h, each 168 a different distance from the beam root and separated by a 169 distance x s . When a force F acts upon the beam at a distance 170 a from the beam root, the beam is deflected by an amount 171 y (a) . Under these conditions the respective strains ε 1 and ε 2 172 experienced by the two sensors are given by: Eq. (7) and re-arranging yields:
Substituting for d 1 into Eq. (6) gives:
From which an expression for the force may be derived:
The strains experienced by the two sensors can be found 203 through the direct measurement of the normalised changes 204 in resistance of the sensors using the definition for gauge 205 factor, G, namely:
Here, ␦R is the change in resistance due to a strain ε, from 
Hence, a position-independent measurement of the force on by the two sensors is reduced and the bracketed term of Eq. 225 (12) is lowered. Since the latter term is the actual property 226 that is measured it would be prudent to arrange for this term 227 to be as large as possible to achieve good measurement reso-228 lution. Moreover, as x s is increased the portion of the fingertip 229 upon which a practical measurement of force can be made 230 is reduced. The force must always act on that portion of the 231 cantilever beam between the set of sensors and the beam tip to 232 ensure that both sensors experience a force-dependant strain 233 (i.e. d 1 and d 2 in Fig. 3 must both be positive). The length of 234 beam between the position where the force acts and the beam 235 tip experiences no force induced change in the surface strain. 236 In order to determine a practical value for x s the force 237 sensor design shown in Fig. 2 includes three identical thick-238 film strain sensitive resistors located at different distances 239 from the cantilever beam root. This arrangement permits the 240 investigation of three combinations of resistor pairs. For the 241 purposes of this paper, these three strain sensing resistors 242 are referred to as R a , R b and R c with R a being the closest to 243 the beam root and R c the closest to the tip (free end). Each 244 resistor measures 6 mm in width and 1 mm in length (between 245 electrodes) and are positioned 3 mm apart along the cantilever 246 beam length with the first of these resistors located 1.3 mm 247 from the beam root axis.
248
In use it may prove impractical to perform two indepen-249 dent measurements of resistance change. For example, the 250 alternating measurement of independent resistors means that 251 a truly continuous measurement of fingertip force cannot be 252 achieved; the time difference between measurements can re-253 sult in dramatic differences in the cantilever strain distribution 254 when the finger is closing quickly around an object. In addi-255 tion, the time required to perform a complete measurement 256 will limit how quickly a decision can be made by a local in-257 telligent controlling system to open, close or stop the finger. 258 The shorter this time interval can be made, the better.
259
A resistance-measuring circuit based on the classic 260 Wheatstone bridge is therefore proposed as being suitable 261 to provide a continuous force signal in accordance with Eq. 262 (12). The circuit, shown in Fig. 4 , is a pseudo version of the 263 half-bridge arrangement. In this version, both of the strain 264 malised with respect to the excitation voltage, V x , is approx-
With reference to Eq. (12) it can be seen that the normalised by Electro Science Laboratories (ESL) through their United 312 Kingdom distributor Agmet (UK). The grade of stainless steel 313 used for the substrate was bright annealed AISI 430S17 and 314 was cut and machined to the required dimensions by wire ero-315 sion. Before printing the various thick-film materials upon the 316 stainless steel cantilevers, their surfaces were thoroughly de-317 greased using acetone followed by rinsing in de-ionised wa-318 ter. No other pre-processing surface treatment was required. 319 The proprietary PZT paste was formulated by mixing ball-320 milled and attritor-milled PZT-5H powders supplied by Mor-321 gan Electro-Ceramics Ltd. in a 4:1 ratio by weight with a 322 Ferro 7575 lead borosilicate glass (10 wt.%) [9] . The resul-323 tant powder was then blended with a standard thick-film or-324 ganic vehicle (ESL 400) to produce a thixotropic paste with 325 a viscosity of approximately 59 ± 2 Pa s (measured with a 326 Brookfield CAP 1000+ viscometer, spindle #3, 10 rpm at a 327 temperature of 25 • C).
328
To ensure electrical isolation of the various sensor com-329 ponents from the stainless steel fingertip the surface of the 330 latter was electrically insulated by successively printing and 331 firing a number of layers of a thick-film dielectric paste (ESL 332 4986) to a combined post-fired thickness of approximately 333 80 m. This particular dielectric paste has been specifically 334 formulated as an insulation layer for type 430 stainless steels, 335 having a closely matched value for its coefficient of ther-336 mal expansion. A gold conductor paste (ESL 8836) was then 337 printed and fired to define the electrodes, interconnect and 338 interface pads of the various sensors (approximate post-fired 339 thickness of 10 m). This was followed by the printing and 340 firing of a double layer of the proprietary PZT paste over 341 the bottom electrode of the slip sensor to an average post-342 fired thickness of 100 m. Next, a gold conductor paste (ESL 343 8836) was printed and fired over the top surface of the PZT 344 layer to form the top electrode of the slip sensor (approxi-345 mate post-fired thickness of 15 m). Finally, a resistor paste 346 with nominal sheet resistivity of 10 k / (ESL 3914) and a 347 thermistor paste (ESL PTC2611) with a resistivity of 10 / 348 were printed as single layers and co-fired (approximate post-349 fired thickness of 12 m). These two resistive materials re-350 spectively form the static force sensor and the temperature 351 sensor. All layer firings were performed in a BTU 6-zone 352 belt furnace with a peak firing temperature of 850 • C, tem-353 perature ascent and descent rates of approximately 50 • C/min 354 and total cycle time of 60 min except for the PZT layers where 355 the peak temperature was raised to 950 • C.
356
After fabrication, the PZT slip sensors on individual can-357 tilevers were poled in a dc electric field (field strength of 358 approximately 4 MV m −1 ) at a temperature of 150 • C for 359 30 min. The electric field was applied directly to the slip sen-360 sors by connecting a high tension voltage source between 361 the sensor electrodes. The devices were then allowed to cool 362 to room temperature whilst the electric field was maintained 363 across the PZT layer. The d 33 piezoelectric coefficient of a 364 number of samples (a metric for the vibration sensitivity) was 365 then measured using a Take Control PM35 piezometer, yield-366 ing an average value of 46 ± 2 pC N −1 . This is significantly 367 sistors demonstrates a linear relationship with applied force.
414
The figure also shows that the gradients of the characteristics sensor R a the closest to the beam root and therefore experi-419 encing the greater level of strain for any particular force.
420
The results in Fig. 5 also show that there is an offset in 421 the unstrained resistance value for no applied load and that 422 the level of this offset is common to all three sensing resis-423 tors. This is a consequence of hysteresis within the system, 424 which is clearly evident from these results. The source of 425 the hysteresis may be inherent due to the effect of particular 426 mechanical properties of the stainless steel cantilever (e.g. 427 stiffness) and/or it may be characteristic of the thick-film re-428 sistors themselves.
429
Using the experimental data from Fig. 5 the pseudo half-430 bridge circuit response was modelled as a function of the 431 force at the cantilever tip. Results are displayed in Fig. 6 for 432 each pair combination of resistors acting as the active ele-433 ments in the bridge circuit. Only the results as the masses 434 were added to the cantilever beam (i.e. increasing force) are 435 shown. The simulated results for when the masses were re-436 moved are not shown since these are practically identical. 437 The results show that all three sensor pair combinations ex-438 hibit good linearity in their responses with sensor pair R a and 439 R c demonstrating twice the measurement sensitivity of the 440 to model the output response of the pseudo half-bridge circuit. 478 A typical result based on the measured changes in resistance 479 of the pair of resistors closest to the cantilever beam root 480 (i.e. sensor combination R a and R b ) is shown in Fig. 8 . Very 481 similar results are obtained for the other two combinations of 482 strain sensor.
483 Fig. 8 shows that there is some variation in the bridge cir-484 cuit response with the position of the force. In general, as the 485 force is moved further from the cantilever tip and toward the 486 strain sensing resistors, the force measurement sensitivity of 487 the circuit decreases. This is demonstrated more clearly in 488 Fig. 9 where the slopes of the traces from Fig. 8, normalised 489 with respect to the slope at the 1 mm distance, are plotted as a 490 function of the distance from the cantilever tip. For compara-491 tive purposes, the modelled equivalent response for a classic 492 half-bridge measurement circuit (where the two active resis-493 tors are diagonally opposed in the two arms of the bridge 494 circuit and experience the same strain levels) is also shown. 495 Fig. 9 shows that the static force sensor measurement sen-496 sitivity (or resolution) is dependant upon the position that the 497 Fig. 9 . Comparison of static force sensor measurement sensitivity as a function of loading position for two different half-bridge circuit configurations. 
Temperature sensor 532
The resistance-temperature characteristics of a number of 533 samples of the fingertip temperature sensor were measured 534 in an environmental chamber over the temperature range 535 −10 • C to +40 • C. The local temperatures experienced by 536 the thermistor sensors were determined by measuring the re-537 sistance of a calibrated commercial thin-film Pt100 temper-538 ature sensor glued to the surface of one device. The average 539 measured resistance of the thick-film thermistor temperature 540 sensors as a function of temperature was shown to demon-541 strate a highly linear relationship of the form 542
with a coefficient of determination (R 2 ) of 0.9998. In Eq. 544 (13) R (T) is the resistance at a temperature T, R (0) the re-545 sistance at 0 • C and α the temperature coefficient of resis-546 tance (TCR). From the recorded data, an average value for 547 α of 4230 ± 50 ppm/ • C and an average value for R (0) of 548 35.4 ± 5.5 was determined. The large spread in the value 549 for R (0) reflects the large variation in post-processed resis-550 tance values for the printed sensors; an artifact of the thick-551 film printing process. This is not considered a problem since 552 individual temperature sensors may be balanced in a suitable 553 bridge circuit in practice. The small variation in the value 554 for α (approximately 1.2%) means that temperature may be 555 inferred from resistance in a repeatable manner and to a high 556 degree of accuracy. For the values reported here, a resistance 557 measurement resolution of 0.15 is required to resolve the 558 temperature of the fingertip to 1 • C. 
